We provide a simple solution to the µ and strong CP problem in the context of gauge mediated supersymmetry breaking. The generic appearance of R symmetry in dynamical supersymmetry breaking is used to implement Peccei-Quinn symmetry. Acceptable µ and B terms as well as the large symmetry breaking scale are induced radiatively through nonrenormalizable interactions. Cosmological consequences of this scheme turn out to yield tight constraints on the PQ symmetry breaking scale and the number of the messenger and heavy quarks. Complexity in introducing non-R Peccei-Quinn symmetry is contrasted with the case of R symmetry.
Low energy supersymmetry breaking could be transmitted by gauge interactions from a hidden sector where supersymmetry is broken by nonperturbative dynamics. After the construction of viable models of this type [1] , many works have been devoted to look for their experimental signatures [2] . These models also have distinctive features in cosmology [3] . One of the theoretical difficulties in low energy supersymmetry breaking is how to generate the Higgs mass parameter, that is, the µ term. In the context of the conventional gravity mediated supersymmetry breaking [4] , the origin of the µ term can be attributed to the low energy supersymmetry breaking scale m 3/2 which should be of order µ. On the other hand, the solution to the µ problem and the strong CP problem may have the same origin [5] in view of extending the Higgs sector [6] . The strong CP problem is solved elegantly by introducing Peccei-Quinn (PQ) symmetry [7] which is spontaneously broken at an intermediate scale f P Q ∼ 10 12 GeV. This is also the scale of supersymmetry breaking at the hidden sector in gravity mediation scheme. The µ problem in theories with gauge mediated supersymmetry breaking (GMSB) appears more severe. Here the problem is to generate not only a right value of µ but also an acceptable B term. The existing proposals [1, [8] [9] [10] typically suffer from problems of fine-tuning, or of complexity, etc. Another difficulty in GMSB was the generic appearance of a spontaneously broken nonanomalous R symmetry in hidden sector models for dynamical supersymmetry breaking [11] . Then the problem was how to get rid of the dangerous R axion which is light and has too low decay constant [12] . We can now turn this problem over to use this R axion as the QCD axion if the R symmetry is also broken by a field with a large vacuum expectation value (VEV) ∼ f P Q .
In this paper, we propose to solve the µ problem as well as the strong CP problem by a radiative generation of a large scale, which was originally used in the context of gravity mediated supersymmetry breaking [13] . In the context of GMSB, this mechanism is very suggestive also to implement spontaneous PQ symmetry breaking at the scale f P Q which is higher than the dynamical scale of the hidden sector. Furthermore, R symmetry generically appearing in hidden sectors can be easily promoted to PQ symmetry. Being PQ symmetry, R symmetry turns out to be very restrictive and constrains the whole theory, and thus more favorable than non-R symmetry.
For our discussion we work with the "minimal" model of GMSB [1] . In this class of models, supersymmetry breaking in a certain hidden sector is mediated to the supersymmetric standard model (SSM) sector through the following interactions:
Here f,f are messenger quarks and leptons. The singlet S and its F term get VEVs through supersymmetry breaking effect delivered by the fields φ ± charged under a messenger gauge group U(1) m . We will introduce another singlet field φ which will be charged under PQ symmetry. To obtain a negative mass-squared through loop effect, the singlet φ would have a renormalizable coupling with ordinary charged matter which obtain their soft masses through gauge mediation of supersymmetry breaking effect. One finds that there are two options to introduce the renormalizable couplings:
The first option has another merit of generating the proper right-handed neutrino masses [13] . The second is reminiscent of heavy quark axion model [14] and was considered as a solution to the µ problem together with the trilinear term φ 3 in Ref. [15] . As we will see, the numbers of the extra quarks cannot be arbitrary. In order to avoid the domain wall problem, the numbers of heavy quarks and messenger quarks have to fulfill some relation. To generate a large VEV φ and the µ term we introduce the nonrenormalizable terms,
The integers (n, m) being consistent with R charge assignment will be also restricted by the conditions for solving the µ problem and for avoiding cosmological dangers. Once the negative mass-squared (−m 2 φ ) for φ develops, the superpotential (3) produces a nonzero φ :
as well as the µ and B terms:
Therefore, the sizes of µ and B are determined by that of m φ . It remains to be seen how the mass m φ and the integers (n, m) are determined.
Let us first consider the option (I). Contrary to gravity mediated supersymmetry breaking models, the singlet field φ obtains a small soft mass m φ which is a four loop effect. For a rough estimation of m 2 φ , we take the renormalization group equation from the messenger scale to the squark mass scale under the assumption that the Yukawa couplings are constant and the top Yukawa coupling h t and h ν , h N dominate. Then the largest contribution is
where Λ S = F S / S is the messenger scale. Here the negative soft mass-squared of the Higgs dominated by the top quark coupling is given by
Taking h t = h N = h ν = 1 and Λ S = 100 TeV, one gets m φ ≈ 13 GeV. Here we have again a large tanβ = H 2 / H 1 as is often the case in GMSB [9] . The value of tanβ can be estimated as
where we put m = n − 1 for which reasonable values of µ can follow. The couplings h N , h ν cannot be too small: h N h ν > 0.8 √ n + 2/n. Setting h µ = h φ = 1 and m φ = 10 GeV, the desirable choices n = 4, 5, 6 give µ ≈ 3 ∼ 0.4
TeV. The corresponding PQ scales f P Q ≃ φ are in the range of 10 15 ∼ 10 16 GeV. Recall that such a large scale would be allowed by a late-time entropy production [16] which is also implied in our approach.
The scheme of radiatively generating a large scale has an inevitable consequence in cosmology. Since the PQ field φ has an almost flat direction and gets a negative mass-squared, it derives so-called thermal inflation [17] . Here, the concern is whether the subsequent decay products of the (scalar part of) φ are sufficiently thermalized. The mass of φ under discussion is so light that its main decay mode is to two axions [18] since the rate of decays into lighter fermions or photons is suppressed by their masses or loop factors. Therefore, we cannot implement PQ symmetry in this way. Nevertheless, the option (I) would be useful, e.g., for generating the right-handed neutrino masses, for having thermal inflation, or just for the solution of the µ problem. For this purpose, the decay of (scalar part of) φ to the R axion (pseudoscalar part) can be forbidden by giving a large mass to the R axion [12, 19] 
GeV by calculating the reheat temperature which has the limit, T R > ∼ 6 MeV [16] . This bound can be consistent with only n = 1 for which we get too small µ ≈ m φ (for m = 1). Consequently, the option (I) is not viable in light of solving the µ problem.
Let us now move to the option (II) which can provide a desirable solution to both the µ problem and the strong CP problem. Now, the PQ field φ has the direct coupling to (heavy) quarks from which it obtains negative mass-squared. Since the heavy squarks get the soft masses in the same way as ordinary squarks, the radiative mass of φ generated from tadpole diagram is given by
From Eq. (5), therefore, one can see
which are all of order m H 2 . Here we put m = n which gives the right value of µ without fine-tuning h µ . In this case, the value of tanβ is naturally of order 1. But the fine-tuning of 1 ∼ 6 % between the values of m H 2 and µ cannot be avoided to get the right value of Z boson mass [20] . Contrary to the option (I), the field φ can be thermalized effectively by its decay into two light Higgses [21] . The decay into two axions cannot be suppressed arbitrarily, but it was shown that its branching ratio in the range 0.3 ∼ 0.06 would be enough to avoid the bigbang nucleosynthesis bound. Having the φ decay rate, Γ φ ≈ 1 16π m 3 φ φ 2 , the limit on the reheat temperature translates into the limit φ < 10 15 GeV and thus n ≤ 3. As also shown in Ref. [21] , the axion whose population is diluted by thermal inflation can be dark matter for n = 2, 3. The thermal inflation realized in the option (II) can wash out many unwanted relics in the universe [17] . However, if the axion potential due to QCD instanton has degenerate vacua, domain walls can be produced [22] after the thermal inflation to cause cosmological problems. Hence, one has to inspect the vacuum structure of the axion potential for given models [23] . The vacuum degeneracy is determined by the domain wall number N DW which is nothing but the QCD anomaly of PQ symmetry [24] . If N DW = ±1, there is no vacuum degeneracy and thus no domain wall problem. From the superpotentials (1), (2) and (3), it is straightforward to calculate the R charges of the superfields:
Here we used the conventional normalization of R charges: R(W ) = 2. The fermionic components carry the R charges one less than the above ones. In order to know the proper normalization of the R charges, one has to take into account the whole structure of the theory which should respect the R selection rule. At the moment, let us forget about the hidden sector to simplify the calculation. With the normalization that all fields carry integral charges and the common divisor is one, the domain wall number N DW (for m = n) becomes
where N g = 3 is the number of the ordinary quark generations, N f of the messenger quarks, and N Q of the heavy quarks. For the case n = 2, the Z 2 freedom in fermion fields is taken into account. It is amusing to see that the condition N DW = ±1 gives a strong restriction on the models. For n = 1, 3, no solution can be found no matter how the charge normalization is affected by the hidden sector fields. The domain wall problem can be avoided only for n = 2 (for which f P Q ≈ 10 13 GeV) with the following combinations of the numbers N f and
If one wants to have grand unification SU(5), the last one cannot be allowed under the assumption of the perturbative unification. Let us now turn to the question of incorporating the hidden sector. In general, the charge normalization yielding the domain number (11) would be changed due to the nonintegral R charges in the hidden sector. In other words, the condition N DW = ±1 could give a restriction to the hidden sector. But there are usually enough degrees of freedom in dynamical supersymmetry breaking models to choose a R charge assignment which is free from the (hidden sector) anomaly. To see this explicitly, let us take the well-known 3-2 model [25] . This model has the particle content with gauge group SU(3) × SU(2):
Here the subscripts denote the charges under the messenger group U(1) m . Allowing only the superpotential W hidden = LQD and applying the anomaly-free condition, one still finds a R charge of, e.g., Q not specified. Therefore, the normalization is not changed for an appropriate choice of the R charge of Q. However, if a hidden sector model has no degrees of freedom in fixing the R charges, then certain model may not promote R symmetry to PQ symmetry.
Let us now briefly comment on the possibility of having non-R PQ symmetry. For this, one needs at least two fields, and both of them have to couple to the heavy quarks in order to obtain nonzero VEVs. Therefore, one would have
Here p + q = s + t + 2 = n + 3 (n = 1, 2, 3) is required as in the case of R symmetry. Without loss of generality, we assign the PQ charges −q and p to φ 1 and φ 2 , respectively. In this case, only the SSM fields are charged under PQ symmetry. The corresponding domain wall number is
where the normalization factor is N = 1, 2 depending on the cases. It becomes now clear that one could find many combinations of (p, q, s, t) satisfying N DW = ±1, and also consistent with perturbative unification. Compared to the R symmetry case, one may need only a smaller number of heavy quarks here. For suitable choices of (p, q, s, t), the smallest possible number of the heavy quarks is N Q +N Q ′ = 3. At any rate, implementing non-R PQ symmetry needs more complication, and constrains less the models than R symmetry. Our approach can be also used in models with direct mediation which does not require a messenger gauge group [26] . As for implementing PQ symmetry, a better way in this class of models is to build it inside the hidden sector since the hidden sector fields usually get a large VEV. But the symmetry breaking scale tends to be too large (10 15 ∼ 10 16 GeV) in existing models [26] so that one needs a late time entropy production such as thermal inflation. The µ (and B) problem is again to be solved separately, and the radiative generation would be still useful in these respects.
In conclusion, it is proposed to use the radiative generation of a large scale to solve the µ problem and the strong CP problem. For this, R symmetry generically appearing in dynamical supersymmetry breaking would be a natural candidate for PQ symmetry. Contrary to implementing non-R PQ symmtery, promoting R symmetry to PQ symmetry can be done in a simple way and provides constraints on the models The cosmological consequences of this scheme, a late-time entropy production and the problem of domain wall formation, tightly restrict the models, which follows basically from the property of R symmetry. The option with heavy right-handed neutrino does not work for our purpose. Then the introduction of extra heavy quarks which couple to a PQ singlet is required. The sizes of µ and B terms are determined to be of order of the radiative mass of the singlet which is of order m H 2 , and thus tanβ of order 1 is expected. In order to avoid the domain wall problem, the numbers of the heavy quarks and the messenger fermions have to be arranged properly. We found three such cases which are also consistent with the perturbative unification. Moreover, the PQ symmetry breaking scale is fixed to be f P Q ≈ 10
13 GeV for which the corresponding axion (diluted by the late entropy dumping) can still be a candidate of cold dark matter. The hidden sector could also be constrained by the same consideration. In the case of non-R PQ symmetry, one needs to introduce at least two singlets with different PQ charges, and there are many possible PQ charge assignments which are free from the domain wall problem.
